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construct geometric forms that would not be possible
using standard manufacturing techniques. This
geometric versatility has inspired a design practice
known as functionality integration – where multiple
components are condensed to create a single part that
performs all of the functions that were previously
attributed to the individual components. While this
practice can be quite useful in terms of weight reduction,
part count reduction, and meeting spatial confinements;
there are also serious drawbacks [2]. One of these
drawbacks occurs in LPBF when different functions
integrated into a single part have extremely different
requirements (e.g. high fracture toughness on the
interior and high hardness on the exterior), but the
process can only sustain a single material [3]. This
dilemma generally results in over-designing some areas
of the part to compensate for the compromise in
material choice. Over-designing can lead to decreased
functional efficiency, increased weight, decreased
fatigue life, etc. in LPBF parts. Creating methods to
control the material composition spatially throughout a
build would allow for designers to mitigate the negative
effects and experience the full benefits of functionality
integration.

Abstract
Laser powder bed fusion (LPBF) is an additive
manufacturing (AM) process that is well known for its
geometric versatility and high-quality parts. While the
properties of LPBF parts are commonly superior to those
made using other AM techniques, LPBF is generally
limited to a single material in any given build. While LPBF
can accommodate the integration of multiple
components into a single part geometrically, the
material limitation leads to over-designing to ensure that
every component can complete their various functions.
Some studies have shown potential methods of 3D
composition control throughout a part, but these
methods are subject to high cost increases due to build
time increases and decreased powder recyclability. A
new approach to multi-material LPBF uses liquid dopants
to alter the composition in location-specific areas. The
current study evaluates two different liquid deposition
methods – direct write and inkjet deposition – in relation
to their adaptability and utility in LPBF. Inkjet deposition
is shown to have significant benefits compared to the
direct write method.

Introduction

The literature reports multiple attempts to expand LPBF
processes into the multi-material regime. The first way

Additive manufacturing (AM) – and laser powder bed
fusion (LPBF) in particular – is well known for its ability to
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that this has been done is to simply switch out the
powder feedstock for a different material at a certain
point in the build [4, 5]. While this has been done
successfully in some cases, it greatly increases the overall
build time. Because of the time sacrifice, it is generally
limited to a single, large composition change during the
build. This discrete change in composition can be
problematic. Materials with vastly different properties
create extra residual stresses from thermal expansion
and contraction during fabrication and poor adhesion at
the inter-material surface due to poor wetting and
insufficient mixing [5, 6]. Some studies have shown that
adhesion can be improved by remelting the intermaterial zone multiple times to improve mixing between
the dissimilar materials, but this adds even more time to
the process [5]. In addition to quality concerns, this
method is still limited to material change in one
dimension and few changes throughout the part.

powder that would be recycled. Since powder recycling
is one of the main factors that contributes to the
economic feasibility of LPBF, this method significantly
increases the cost of the overall process [13]. The other
significant cost issue that is affected by this multimaterial method is the increase in time necessary to
complete each layer. Vacuuming out and replacing
powder can more than double the overall process time
that originally consisted of only powder spreading and
laser scanning. Large composition changes in three
dimensions present the same issues that were
mentioned for large composition changes in one
dimension.

New Approach to Multi-Material Powder Bed
Fusion
Many of the issues that are present in these current
multi-material LPBF (MM-LPBF) efforts could be
mitigated or eliminated by using liquid or liquid-encased
dopants as the means of altering composition in a way
that does not significantly add to the build time. The
nature of the LPBF process provides two distinct
opportunities for the introduction of liquid dopant to the
powder bed. The first of these opportunities occurs after
a layer is fused by the laser but before the next layer of
powder is spread. The second is just after the powder is
spread but before the layer is fused.

Other research has been done on methods of threedimensional variation of composition. Wei et al. [7] have
implemented a process that uses a vacuum to remove
base powder in select areas and a separate hopper and
nozzle to deposit powders of different compositions in
the excavated areas. This novel method has been shown
to be quite effective with glass-metal, metal-metal,
ceramic-metal, and metal-polymer systems and has
shown significant improvement in terms of spatial
control throughout all three dimensions [7-12]. This
method of powder addition also allows for powder of
different compositions that is not fused into the final part
to remain in the powder bed and contaminate the

In the first case, liquid dopant could be deposited on the
solid substrate using either a direct write or dropletbased deposition method (see Figure 1). The liquid would
be dried either by the heat in the build chamber or using

Figure 1 - Direct write liquid dopant deposition method. The liquid dopant is deposited using an open-tip needle directly onto the previous (fused)
layer. Once the dopant is dry, the powder is spread over the top and the fusing process is carried out and the base and dopant materials are mixed.
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Figure 2 - Inkjet liquid dopant deposition method. After the powder is spread, liquid dopant is deposited into the powder in the form of microscale droplets from an inkjet printhead. Once the dopant and powder bed are dry, the fusing process is carried out.

an exterior heat source (such as a lamp or the laser at low
power) after which the next layer of powder would be
spread. This method provides a distinct advantage of the
dopant being covered by powder of the base material,
which would reduce the amount of dopant that is
evaporated or ejected as spatter during the fusing
process. Depending on the mixing in the melt pool, it may
also concentrate the dopant at the interface between
layers. Direct write can also be used with a wide range of
suspension properties and has little risk of clogging in the
nozzle. However, direct write can also be slow since it is
generally only used with a single nozzle.

layer is fused together. Simplified versions of these two
methods are performed with careful observation of any
requirements or outcomes that could significantly affect
integration of the method to the LPBF process.
Conclusions are made as to the controllability, feasible
concentration levels, and compatibility with LPBF of the
two methods.

Methods
Materials
Two dopant material systems were selected based on
the availability of stable commercial suspensions and the
potential for property enhancement in SS 316L. One
material system that has previously been studied with
LPBF is alumina reinforcement in a stainless steel 316L
matrix [14]. In this study, Li et al. showed that the
addition of 1- to 3-𝑤𝑡% alumina to stainless steel
processed using LPBF improved hardness in all cases and
improved yield and tensile strengths in the case of 1𝑤𝑡% alumina addition. While this study by Li et al., and
most multi-material studies in LPBF, have been done
using physically mixed matrix and additive powders, the
property improvements shown warrant that the
alumina/SS 316L material system is a viable test subject
for the feasibility of composition adjustment using
alternative doping techniques.

In the second case, the powder layer would be spread
and then the liquid dopant would be deposited into the
spread powder before the layer is fused (see Figure 2).
Deposition in this method could only be done using a
droplet-based system like the inkjet printing technology
used in binder jetting – another AM technique. An inkjet
printhead could be mounted on the coater blade system
to minimize impact on the total build time.
This work focuses on evaluating the feasibility of
depositing liquid dopants as part of the LPBF process by
exploring the implications of exploiting the two
deposition options described. These situations are
replicated in a way that does not permanently alter the
existing LPBF system. Direct write of a liquid dopant onto
a solid substrate mimics the deposition onto a fused
layer before the next layer of powder is spread, while
inkjet deposition into a powder bed represents
deposition after a powder layer is spread but before the

Another material system of interest is zirconia
reinforcement in a steel matrix. Koopmann et al. [5]
showed that zirconia powder can be processed
reasonably well using LPBF and that it can be made to
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have good adhesion with steel when the interface
between the two materials undergoes sufficient mixing
during the laser processing. While their research was
focused more on large composition changes, the good
mixing between the two materials and processability of
zirconia indicate that it could be a suitable test subject
for feasibility of composition adjustment using
alternative doping techniques.
In both the direct write and inkjet deposition methods,
SS 316L powder (CL 20ES, Concept Laser, 29.9 𝜇𝑚,
spherical) is used as the base material, to which either
alumina or zirconia is added in the form of a water-based
slurry using one of the two methods. The alumina slurry
is Gamma B 0.05 𝜇𝑚 Alumina from LECO with a 10 𝑤𝑡%
concentration alumina with an added 10 𝑤𝑡% propylene
glycol. The zirconia slurry is ZR100/20 from NYACOL with
20 𝑤𝑡% colloidal zirconia with a mean particle size of 100
𝑛𝑚. The alumina and zirconia concentrations were
measured to be 10.6 and 25.4 𝑤𝑡% respectively. The
LPBF machine used is a Concept Laser M2 Cusing
Multilaser.

Figure 3 - Direct write deposition system (image from Romero et
al. [1] used with permission). The three-axis stage controls the
deposition location while the stepper motor above the syringe
controls the rate of material ejection from the needle onto the
substrate.

deposited at 0.0454 𝑚𝑚3 /𝑚𝑚 while the needle traveled
at speeds of 80 𝑚𝑚/𝑠 relative to the plate surface. Area
depositions were performed in a concentric, rectangular
pattern. The spacing between tracks was varied to
control the total amount of slurry deposited in a given
area. The dopant concentration in the slurries was also
varied to control the resulting dopant concentration.
This was done by adding distilled water to dilute the
slurry to a predetermined concentration.

Direct Write
Direct write deposition describes a system in which a
material is extruded directly onto a substrate (see Figure
1 and Figure 3). This technique would be difficult to apply
to a powder bed as the fluid meniscus would likely move
powder during deposition. However, it is suitable for
deposition on a solid substrate that wouldn’t be
destroyed by contact with the fluid meniscus. In the
current study, the direct write deposition is applied to
deposit alumina or zirconia slurry onto a solid plate made
of SS 316L to simulate the case in which dopant is
deposited on a previously fused layer. A custom direct
write system (see Figure 3) built for use with viscous
substances was used [1, 15, 16]. The system uses a 3-axis
CNC stage and a stepper motor to control the plunger of
a syringe with an open-tip needle to deposit the slurry.
The needle used was 25 gauge with a 0.305 𝑚𝑚 inner
diameter. The plate was leveled with respect to the xand y-axis movement of the system and the needle was
zeroed to the surface of the flat plate. Deposition was
performed with the needle tip at a distance of 0.10 to
0.15 𝑚𝑚 above the plate surface. Areas and lines were

After the slurry was deposited, the plate was baked at
200 𝐶 for 30 minutes to evaporate the remaining
moisture and propylene glycol additive before
installation to the LPBF machine. Using the LPBF
machine’s coater system and build chamber controls, a
layer of powder was spread over the dried alumina by
adding 500 𝜇𝑚 of powder and removing powder in 100
and 50 𝜇𝑚 increments to get to a 50 𝜇𝑚 powder layer.
This was done to determine if the alumina deposits were
stable during the powder coating step or if they would
break down and contaminate the powder.
Direct write single-line depositions were also performed
to investigate the difference between small- and largearea depositions. In these cases, the substrate was
heated during deposition to a temperature of 50 𝐶 rather
than baking the substrate after deposition to simulate a
heated build plate during the LPBF process.
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Figure 4 - Pockets walls printed 50 𝜇𝑚 tall on substrate to
separate powder beds of the same height. Pocket walls and
individual powder beds are labeled. Individual pocket labels are
also included for future reference.

Figure 5 - Single-nozzle inkjet deposition system. The three axis
stage controls the deposition location while the piezo-electric
nozzle controls the droplet size and ejection frequency into the
powder bed or onto the substrate.

Inkjet

A simple inkjet setup (see Figure 5) was used to deposit
colloidal zirconia slurry into the walled-off powder beds
[17, 18]. This setup uses a pressurized chamber
connected to a single, 80 𝜇𝑚-nozzle, piezo-electric, dropon-demand print head (MicroFab Technologies, Inc.; Part
# MJ-AB-01-80-8MX) controlled in coordination with the
movements of the stages to create lines of consistentlyspaced droplets. The nozzle released droplets at a rate of
1000 𝐻𝑧 while moving in the x-direction at a speed of 60
𝑚𝑚/𝑠 creating a droplet spacing of 60 𝜇𝑚. The plate was
baked after deposition at 180 𝐶 for 30 minutes to
evaporate the liquid from the slurry. When multiple
passes were necessary to achieve the desired
concentration, the plate was baked between passes as
well.

The inkjet method is suitable for printing dopants into
spread powder layers. While printing into powder can be
challenging [17, 18], it is successfully done in both the
binder jetting and multi jet fusion/high speed sintering
processes. In order to simulate dopant deposition onto
loose powder, a solid SS 316L plate was used as a base
onto which walls were built to create isolated pockets of
powder. These pockets reduce the error in quantifying
the amount of dopant deposited by limiting the area into
which the dopant can spread. The pocket walls were built
in the LPBF machine with a laser power of 370 𝑊, a scan
speed of 1350 𝑚𝑚/𝑠, and a spot size of 130 𝜇𝑚. The
walls were built by depositing a 25 𝜇𝑚 layer of powder,
fusing the pocket walls, depositing another 25 𝜇𝑚
powder layer (50 𝜇𝑚 total) and fusing the pocket walls
again (see Figure 4). These 25 𝜇𝑚 increments are smaller
than typical to ensure total fusing of the pocket walls
with the base plate so that each pocket was totally
separate from the others. Once these pockets were built,
the powder inside the pockets was left undisturbed while
the plate was taken out of the LPBF machine and
transported to the inkjet printing station.

Inkjet Calculations
The concentration of dopant in the powder bed was
controlled by varying the line spacing and number of
lines for each pocket (see Table 1). These parameters
were chosen based on an estimate of how much dopant
would be integrated into the melt pool during laser
processing. Some of the values are purposefully higher
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𝑛𝐿/𝑑𝑟𝑜𝑝𝑙𝑒𝑡 and to contain about 35.4 𝑛𝑔 of zirconia in
each droplet.

Table 1 - Deposition parameters and calculated deposition results.

Pocket
#
1
2
3
4
5
6

# of
passes
3
3
1
1
1
1

# of lines /
pass
1060
774
1506
1506
886
290

Line spacing
(𝒎𝒎)
0.0226
0.0310
0.0159
0.0159
0.0271
0.0830

The droplet volume described above was used to
calculate estimates of the amount of slurry/dopant
deposited into the powder beds (see Table 2). Total
volume was obtained by calculating the number of
droplets in each line and multiplying by the number of
lines for the deposition. The total saturation is the
measure of the amount of space between powder
particles that is filled by the slurry and was calculated
using an assumed packing fraction of 50%. An area
density is also calculated by dividing the total mass of
zirconia deposited over the area that it was deposited.
This total mass of zirconia is obtained in similar fashion
to the total volume by using the total number of droplets
in a given deposition.

than would normally be reasonable as a way of testing
the upper limits of the deposition method.
Droplet volume was measured by jetting the zirconia
slurry in a stationary position for 10 minutes into a 5 𝑚𝐿
beaker of known mass. The beaker was then baked at
180 𝐶 for 30 minutes – leaving only the zirconia – and
weighed again. Subtracting the original mass of the
beaker from the mass of the beaker and zirconia gives
the mass of zirconia deposited over the time interval
(𝑚𝑧 ). This can then be used to estimate the amount of
slurry deposited (𝑚𝑠𝑙 ) by 𝑚𝑠𝑙 = 𝑚𝑧 /𝑐 where 𝑐 is the
zirconia concentration in the slurry. The number of
droplets can be calculated as 𝑛𝑑 = 𝑡 ∗ 𝑓 where 𝑡 is the
deposition time and 𝑓 is the droplet frequency. The
slurry mass and number of droplets can then be used to
calculate the mass and volume of an average droplet (𝑚𝑑
and 𝑉𝑑 respectively) by 𝑚𝑑 = 𝑚𝑠𝑙 /𝑛𝑑 and 𝑉𝑑 = 𝑚𝑑 /𝜌𝑠𝑙
where 𝜌𝑠𝑙 is the density of the slurry. The average
amount of zirconia per droplet (𝑚𝑧𝑑 ) can also be
calculated as 𝑚𝑧𝑑 = 𝑚𝑧 /𝑛𝑑 using the same values for
𝑚𝑧 and 𝑛𝑑 as above. Using these calculations, the
droplets were measured to have a volume of about 0.145

Results and Discussion
The most important aspects of the different deposition
methods that need to be evaluated are uniformity,
productivity, and utility. Uniformity refers to how close
the deposited material is to the expected outcome.
Results could differ in quantity, uniformity, or location
from what is expected which would make the deposition
process much less valuable for the proposed application.
Productivity refers to how well the deposition method
can be completed within the LPBF process without
causing problems. These problems could range from
unwanted powder contamination to ruining the coater
blade. Utility refers to how the deposition process will
impact the overall value of the LPBF process. This
includes costs – such as added process time – as well as
benefits. One specific condition of utility is the range of

Table 2 - Predicted volume, saturation, and density calculations for the inkjet parameters mentioned in Table 1. Pocket numbers are defined in
Figure 4.

Pocket
#
1
2
3
4
5
6

Volume deposited
(𝒎𝑳) / layer
0.0598
0.0436
0.0850
0.0850
0.0499
0.0163

Total volume
deposited (𝒎𝑳)
0.1794
0.1309
0.0850
0.0850
0.0499
0.0163

Total saturation
(%)
1281.8
935.4
607.2
607.2
356.8
116.5
6

Area density of zirconia
deposited (𝒖𝒈/𝒎𝒎𝟐 )
78.19
57.06
37.04
37.04
21.76
7.11

Figure 7 - Direct write deposition of zirconia in single-track lines.
Some instances of “skipping” are indicated by red brackets. Beads
resulting from the skipping are indicated with red arrows.

Direct Write
Uniformity

Figure 6 - Photos of liquid zirconia slurry in different
concentrations shortly after deposition by direct write. Some
instances of “skipping” are indicated by red arrows. A large area
in the bottom right deposition did not deposit due to silicone
contamination on the surface.

The uniformity of the direct write process was mostly
impacted by inconsistencies observed during deposition
and in the resulting dopant structures after drying.
The first non-uniformity was observed in moments when
the needle tip was too far from the deposition surface. In
these instances, the slurry would “skip” small sections of
the deposition area because the slurry would build up
around the edge of the needle instead of wetting and
depositing on the substrate. The skipping would
eventually end when the size of the slurry bead on the
needle was large enough to make contact with slurry that
had already been deposited or the substrate itself. Areas
where skipping occurred can easily be seen in recentlydeposited areas as small holes or lines in the deposition
areas (see Figure 6).

materials and concentrations that can be processed
using a given method. Studies have shown that useful
small composition changes are generally less than 5 𝑤𝑡%
for dispersion strengthening [14, 19]. However, the
amount of dopant required to affect other changes in a
material may be significantly higher. For both the direct
write and inkjet deposition; the uniformity, productivity,
and utility of the methods will be evaluated by observing
various characteristics of the resulting dopant deposits.

Figure 8 - Recently deposited liquid alumina slurry in different concentrations. Left to right: 3 𝑤𝑡%, 2 𝑤𝑡%, 1 𝑤𝑡%, and 0.5 𝑤𝑡% slurry.
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This skipping was also observed in single-line depositions
(see Figure 7). The effect was slightly different, however,
as there were generally no nearby depositions that could
be used to reestablish contact between the slurry in the
needle and the substrate surface. When this happened,
much more slurry built up on the needle tip than during
the area depositions. This resulted in larger sections of
the deposition area without dopant and large bead-like
areas shortly after the blank sections.
Another type of non-uniformity was observed when the
dopant material moved toward the center of the
deposition areas during the drying/baking stage. As the
edges of the deposition areas began to dry, the solid
particles were transported inward ahead of the
solid/liquid interface. The result was a higherconcentration area in the center of the deposition area
with low dopant concentrations near the edges (see
Figure 8). While this trend was consistent for all of the
direct write depositions, the magnitude of the resulting
dopant concentration disparity varied with the input
slurry concentration. When the slurries were diluted to
lower concentrations, there was less of a gradient
throughout the deposition area.
One last concern about the feasibility of the direct write
method is the structure and stability of the resulting
dopant deposit – especially in the highly-concentrated
regions. In the alumina deposits, the highly-concentrated
centers were quite stable despite some small cracks. The
zirconia deposits, however, formed extremely fragile,
highly discontinuous structures in their centers that
delaminated from the substrate in most cases (see Figure
9). These structures would be likely to break and move
under almost any application of force. Since this
structure fragility was only seen in the zirconia direct
write depositions, this can be categorized as a reflection
on the properties of the slurry/dopant and the drying
conditions.

Figure 9 - Dried alumina (top) and zirconia (bottom) deposits
performed using direct write deposition.

Productivity

Overall, the feasibility of the direct write method is not
promising as it is highly non-uniform and can produce
structurally unsound deposits in the case of zirconia
dopant.

In practice, there are a few things that would need to be
considered before implementing the direct write
method in an LPBF system.
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The first of these is the needle tip distance from the
surface. During the direct write operation, it was
observed that the skipping mentioned above could be
avoided by keeping the tip of the needle within about
0.15 𝑚𝑚 of the substrate surface during deposition. This
requires an extremely flat substrate which is not always
the case with built layers in the LPBF process. The author
recommends that these substrates vary in height by less
than about 0.05 𝑚𝑚 for best results.
Another important consideration is whether the dopant
will contaminate the powder that will not be fused as
part of the final build. The aforementioned zirconia
structures would be broken off during powder spreading
and could travel to almost any part of the build chamber.
This would be problematic as the composition could be
changed in the wrong locations within the part, unfused
powder could be contaminated, and powder flowability
could decrease due to the different shape and size of the
zirconia inclusions. Comparatively, the plate with
alumina depositions was tested by inserting it back into
the LPBF machine and spreading powder over the top.
After removing the plate and clearing the powder, it was
determined that the powder spreading process did not
cause any physical damage or deformation to the
deposited alumina.

Figure 10 - Zirconia-doped powder beds at different
concentrations with pocket 1 being the highest concentration and
pocket 6 being the lowest (see Table 2 for detailed concentration
estimates). Contaminates and skipped lines are the result of usererror during deposition while increased roughness and nonuniformity of dopant concentration are important results that will
impact the LPBF process.

method being used must outweigh the associated costs
to make a reasonable claim at increasing value.
The main cost that this method incurs is the extra time
that it will take. Since the deposition step cannot occur
simultaneous to any of the other LPBF process steps,
every layer where dopant is needed would take
considerably longer to complete. This time addition
could be in the range of a few seconds to a few minutes
for each layer depending on the traverse speeds, the
amount of dopant to be deposited, and the area over
which it was to be deposited. The dopant then also needs
to dry before continuing – to avoid introducing moisture
to the delicate powder process as mentioned above. This
wait could add more seconds or minutes onto each layer
time depending on the size and shape of the deposits.

Powder contamination could also be a concern when the
dopant is still in liquid form. If the liquid in the slurry does
not evaporate before the next layer of powder is spread,
the powder could be contaminated as mentioned above.
The moisture could also severely limit the flowability of
the powder or even cause build-ups on the coater blade.
Both of these cases could instigate the formation of
defects that would propagate through multiple layers if
not the entire build.

The benefits are also limited by the non-uniformity of the
resulting dopant deposits. In order to maintain a
somewhat uniform deposition, the direct write method
as performed in this study would be limited to less than
0.6 𝜇𝑔/𝑚𝑚2 of alumina for any area depositions. While
this may be useful to alter some properties, it is on the
low side of small composition change.

While there may be other effects that the direct write
system would have on an LPBF process and vice versa,
these are examples that would have a considerable
impact on how well this deposition method would
function.

In this case, the added time costs and small
concentration range are extremely limiting when

Utility
While using liquid dopants to alter composition may be
quite attractive in an LPBF setting, the benefits of the
9

considering implementation of a direct write deposition
system into a LPBF process.

the powder bed at higher concentrations compared to
the other depositions. This is of particular importance for
LPBF because the added material being on top of the
material could change the effective absorptivity of the
powder bed. This change would require a shift in
processing parameters to achieve the same part quality.

Inkjet
Uniformity
While the inkjet deposition method has the potential to
have great uniformity, there are also many opportunities
for error. In general, the samples with dopant deposited
using this method are fairly uniform (see pockets 3, 4,
and 5 in Figure 10) as long as simple errors can be
avoided. One of these errors is clearly seen near the
bottom of pocket 4 and just above the center of pocket
3. In these cases, the nozzle was clogged temporarily
during the deposition resulting in a few missed lines
where dopant should have been deposited. Another
error seen in pocket 5 is contamination from an outside
source as flakes of residue material fell from the nozzle
structure into the pocket during deposition. These errors
all affect the uniformity of the resulting deposition;
however, they could be resolved with a more controlled
inkjet system commonly used in industrial applications.

Another feature that could impact the LPBF process is
the powder bed roughness observed in pocket 6 (see
Figure 10). In binder jetting, this increase in roughness
has been described as a first layer phenomenon that
occurs when the droplets are too widely spaced [20]. This
can cause poor lamination throughout the first few
layers in binder jetting. However, in LPBF, increased
roughness in a previous layer can also cause balling and
other defects in single-layer tracks as well as roughness
of a fused layer which can propagate throughout the part
[21-23]. This could prove prohibitive to low-density
depositions using the inkjet method; however, slurries or
solutions with lower dopant particle densities could be
used to achieve smaller composition changes.
While these effects on the LPBF process may require
some adjustment, they are not prohibitive in any way.

Compared to the uniformity of the mid-range
depositions, the higher-density depositions (see pockets
1 and 2 in Figure 10) show more variance in the
uniformity of the dopant concentration throughout the
pocket. This is due to the increased movement of the
liquid and powder during the deposition stage. The
greater amount of liquid in the pocket created a pool of
liquid, in which the powder particles flowed freely.

Utility
Though there are many benefits to using an inkjet
deposition system with LPBF, there are some limitations
as well.
One specific limitation found during this study is that the
alumina slurry did not work in the inkjet setup. With the
small-aperture piezo-electric nozzles that were used
with the inkjet system, a 5.00 𝜇𝑚 filter was used to keep
larger particles from damaging the nozzles. This filter
made it impossible for the alumina slurry to pass through
the system, meanwhile the zirconia slurry had no
problems. This illustrates the need for careful
preparation of the dopant to be used with an inkjet
deposition system.

The uniformity of the inkjet method can be somewhat
limited in the higher range of saturations; however,
increasing the dopant concentration in the slurry could
expand the feasible range of doping deposits.

Productivity
There are a few things that were noted in the inkjet
process that may affect the way it is implemented in LPBF
applications.

Despite this challenge, the inkjet system also has some
clear advantages over the direct write system. The added
time cost for this method will be close to nothing. Since
inkjet printhead arrays can be scaled to perform at very
fast speeds and the printhead can operate simultaneous

One of these observations was the dramatic change in
color in the higher-density depositions. While all of the
depositions did show some change in color, the change
in pockets 1 and 2 were the most pronounced. This may
be due to the dopant being present on the top surface of
10

to the powder spreading, the deposition step will add
very little if any time to the overall process.
Considerations may need to be made for drying the
liquid dopant; however, a heated build chamber could
reduce that time cost significantly as well.
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[5] J. Koopmann, J. Voigt, T. Niendorf, Additive
Manufacturing of a Steel–Ceramic Multi-Material by
Selective Laser Melting, Metallurgical and Materials
Transactions B 50(2) (2019) 1042-1051.
[6] A.G. Demir, B. Previtali, Multi-material selective laser
melting of Fe/Al-12Si components, Manufacturing
Letters 11 (2017) 8-11.
[7] C. Wei, L. Li, X.J. Zhang, Y.H. Chueh, 3D printing of
multiple metallic materials via modified selective laser
melting, Cirp Ann-Manuf Techn 67(1) (2018) 245-248.
[8] Y.-H. Chueh, C. Wei, X. Zhang, L. Li, Integrated laserbased powder bed fusion and fused filament fabrication
for three-dimensional printing of hybrid metal/polymer
objects, Addit Manuf 31 (2020) 100928.
[9] C. Wei, Y.-H. Chueh, X. Zhang, Y. Huang, Q. Chen, L. Li,
Easy-To-Remove Composite Support Material and
Procedure in Additive Manufacturing of Metallic
Components Using Multiple Material Laser-Based
Powder Bed Fusion, Journal of Manufacturing Science
and Engineering 141(7) (2019) 1.
[10] C. Wei, H. Gu, X. Zhang, Y.-H. Chueh, L. Li, Hybrid
ultrasonic and mini-motor vibration-induced irregularly
shaped powder delivery for multiple materials additive
manufacturing, Addit Manuf 33 (2020) 101138.
[11] C. Wei, Z. Sun, Q. Chen, Z. Liu, L. Li, Additive
Manufacturing of Horizontal and 3D Functionally Graded
316L/Cu10Sn Components via Multiple Material
Selective Laser Melting, J Manuf Sci E-T Asme 141(8)
(2019).
[12] X.J. Zhang, C. Wei, Y.H. Chueh, L. Li, An Integrated
Dual Ultrasonic Selective Powder Dispensing Platform for
Three-Dimensional Printing of Multiple Material
Metal/Glass Objects in Selective Laser Melting, J Manuf
Sci E-T Asme 141(1) (2019).
[13] I. Gibson, D. Rosen, B. Stucker, Powder Bed Fusion
Processes, in: I. Gibson, D. Rosen, B. Stucker (Eds.),
Additive Manufacturing Technologies, Springer New
York, New York, NY, 2015, pp. 107-145.
[14] X. Li, H.J. Willy, S. Chang, W. Lu, T.S. Herng, J. Ding,
Selective laser melting of stainless steel and alumina
composite: Experimental and simulation studies on
processing parameters, microstructure and mechanical
properties, Materials & Design 145 (2018) 1-10.
[15] T.E. Greenwood, Silicone 3D Printing Processes for
Fabricating Synthetic, Self-Oscillating Vocal Fold Models,
Brigham Young University, 2020.

Generally, the inkjet deposition system as the potential
to add significant value to the LPBF process without
causing too many problems.

Conclusions
Overall, inkjet printing is a better option for liquiddopant deposition in LPBF because of its superior
uniformity, high resolution, minimal time addition to the
process, and its history of use with powder beds (e.g.
binder jetting). The direct write method could be
beneficial in specific circumstances (e.g. single tracks of
dopant), but would be much more difficult to implement
across the rough surfaces often encountered in LPBF. The
only clear advantage that the direct write method could
claim over inkjet deposition is that the dopant is
underneath the powder and would have a minimal effect
on laser absorption. The inkjet method can deposit liquid
dopants in concentrations between about 10 and 40
𝜇𝑔/𝑚𝑚2 while the direct write method is limited to less
than 0.6 𝜇𝑔/𝑚𝑚2 for large areas. Choice of material that
is suitable for the different methods is of paramount
importance as zirconia proved to not be useful in the
direct write method while the alumina slurry could not
be used in inkjet printing.
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